We analyzed live-trapping data from 10 years (1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)) of a long-term study of forest ecosystems in southern Maine to investigate relationships between seed fall of red oak (Quercus rubra), white pine (Pinus strobus), and red maple (Acer rubrum), and populations of Peromyscus leucopus and Clethrionomys gapperi. Spring populations of Peromyscus were correlated positively with crops of both red oak and white pine in the previous autumn; summer populations were correlated only with the acorn crop of red oak in the previous year. Populations of Clethrionomys were not correlated with either red oak or white pine in spring or summer. The increase from spring to summer in Peromyscus was associated positively with the magnitude of seed fall from red maple in the current year. Following years of above average acorn production of red oak, adult male and female Peromyscus weighed more than in years following low acorn production. Following 2 years of high acorn production, captures of Peromyscus were associated positively with the number of live red oaks> 10 cm diameter at breast height per O.25-ha quadrat. Group-selection logging also was associated with increased summer captures of Peromyscus per quadrat for 2 of 4 years, probably due to an increase in both herbaceous cover and fruit production of shrubs.
Many species of small mammals in temperate forests depend on tree seeds for a substantial part of their diet. Temporal and spatial variation in seed fall may therefore profoundly affect population changes and distributions of small mammals. Because seeds play an important role in the diet of forest rodents, it has often been implied that survival of rodents is affected by the magnitude of seed production (Bergstedt, 1966; Gilbert and Krebs, 1981) . Hansen and Batzli (1978) determined that food was limiting for populations of Peromyscus leucopus in Illinois; supplemental foods increased juvenile survival, induced earlier reproduction in the spring, and allowed breeding to occur at a younger age. Similarly, Jensen (1982) noted a correlation between mast seed production of the European beech (Fagus sylvatica) and high popUlations of the bank vole (Clethrionomys glareolus), which was attributed to intensive winter reproduction following periods of high mast production. Recently, densities of Peromyscus leucopus, P. maniculatus, and Tamias striatus were correlated with mast index in the previous year in a deciduous forest in Virginia (Ostfeld et aI., 1996; Wolff, 1996) . Ostfeld et ai. (1996) suggested that by controlling density of mice, mast of oak (Quercus) may indirectly influence population dynamics of gypsy moths (Lymantri dispar) and deer ticks (Ixodes scapularis).
Many of these studies have been conducted during limited time frames (e.g., one or a few years), and thus may not have observed significant natural temporal and spatial variation in either seed production or popUlations of small mammals. Our study examined temporal and spatial relationships between seed fall of the three most common tree species in the Holt Research Forest in southern Maine, and two of the most common species of small mammals in the forest, using data compiled over 10 years.
Our specific objectives were to: 1) investigate the relationship between annual seed production of red oak: (Quercus rubra) and white pine (Pinus strobus) and spring and summer abundance of small mammals (P. leucopus and Clethrionomys gapperi) abundance in subsequent years; 2) determine the effect of seed crops of red maple (Acer rubrum) on populations of small mammals in summer; 3) compare animal mass in spring and summer in years following high versus low seed crops of red oak and white pine; 4) compare proportion of young to adults in summer populations in years following high versus low seed crops of red oak: and white pine; and 5) examine the spatial association between seed fall, distribution of red oak: trees, and captures of small mammals.
MATERIALS AND METHODS
This study was conducted at the Holt Research Forest (HRF) of the University of Maine, a 120-ha, second-growth oak-pine forest in Arrowsic, Maine (43°45'N, 69°46'W). Other common tree species included Acer rub rum, Abies balsamea, Picea glauca, and Tsuga canadensis. In 1983, 40 ha were mapped and divided into control and treatment areas. Mean basal area (± 1 SD) was 60 ± 11 m 2 /ha in 1984. In winter [1987] [1988] 10 of the 20 I-ha blocks in the treatment area were randomly selected and logged in a group-selection harvest. On average, 42 ± 12.3% of the basal area and 30 ± 18.6% of the overs tory cover were removed (Whitman, 1992) .
Small-mammal trapping was conducted twice a year at HRF, during about the 3rd week of April and the 2nd week of August. We placed 144 stations on six parallel N-S 400-m census lines and trapped for 5 nights during the 1 st week of each trapping session; 140 stations were placed on four 567-m assessment lines and trapped for 3 nights the following week. Each assessment line ran obliquely at 45° to the census lines. Stations on both types of trap lines were 16.7 m apart (6 traps/IOO m).
At each station, two 9-by-8-by-23-cm Sherman live-traps were baited with a mixture of rolled oats and peanut butter and provided with a cotton nestlet. Traps were checked daily between 0600 and 1000 h. and P = 0.001). Thus, the methods yield comparable indices of seed fall. Samples were sorted by species and counted. From those data, estimates of the phenology of seed fall and annual seed production were made. A year was considered "high" for annual seed fall of a particular species if its estimate was above the lO-year mean, and "low" if its estimate was equal to or below the lO-year mean. A complete timber inventory was conducted in 1988. In each quadrat (2,500 m 2 ), species, diameter at breast height (DB H), and condition of all trees (live, dead, cull) were recorded.
Stepwise multiple linear regression was used to examine the relationship between size of seed crops of oak and pine and size of small-mammal populations in following years. Variables for this analysis and the subsequent t-tests performed were first examined for the assumption of normality by inspecting normal probability plots and applying the LiIliefors test for normality using SYSTAT (Wilkinson et al., 1992) . A variable was included in the model if its significance was ::;0.05. Seed fall per hectare for each species was estimated from seed trap data and used as an independent variable; minimum number alive (MNA) of a small mammal species was used as the dependent variable. MNA was used as a population index because the sample size of animals caught in spring was frequently small enough to make calculation of traditional markrecapture estimators of density impossible (Skalski and Robson, 1992) . Only two species of small mammals, Peromyscus leucopus and Clethrionomys gapperi, were numerous enough over 10 years to permit analysis.
Simple linear regression was used to examine the relationship between red maple seed crop in the current year and change in spring-to-summer small-mammal populations, expressed both as an n-fold increase and as absolute numbers trapped. We used t-tests to test if weights of adult animals from low-production versus highproduction years of oak and pine were different; males and females were tested separately. We tested if the proportion of juveniles in the population was homogeneous following low versus high seed-crop years of oak and pine for Peromyscus and Clethrionomys using chi-square tests
When sample sizes permitted, x2-tests were to assess presence or absence of a small-mammal species captured at an individual trap site relative to presence or absence of seeds of red maple, red oak, and white pine in the accompanying seed trap. Comparisons were made seed fall of red maple and summer trapping in the same year, and seed fall of red oak or white pine compared with spring and summer trapping in the following year.
On a larger scale, data from the 1988 timber inventory were used to compare annual number of captures per species of small mammal per 0.25-ha quadrat (which contained three small mammal trapping stations) to the total number of live red oaks> 10 cm DBH via multiple linear regression. The dependent variable was number of captures per species per quadrat, and the independent variables were number of red oak trees per quadrat and a dummy explanatory variable for harvest condition (i.e., 0 = no timber harvest in that quadrat, 1 = 1987-1988 timber harvest occurred in that quadrat) to test the effect of presence of oak trees and timber harvest on capture rates of Peromyscus and Clethrionomys. Clethrionomys (maximum = 3.7-fold increase; Fig.1 ). Estimated annual seed production for that period ranged from 48 X 10 3 to 711 X 10 3 seedsllm for red maple, from 0 to 65,837 seeds/ha for red oak, and from 500 to 715,500 seeds/ha for white pine.
The minimum number alive (MNA) of Peromyscus in spring was associated positively with acorn (P < 0.001) and white pine crops (P = 0.003) in the previous year (r2 = 0.947, P < 0.001). Inclusion of only red-oak crop in the model explained 73.6% of the variation; white-pine crop in the previous year accounted for 21.1 % of the variation observed in spring populations of Peromyscus (Fig. 2) . MNA of Peromyscus in summer was associated only with previous acorn crop in the previous year (r2 = 0.457, P = 0.046; Fig. 2) ; crop of white pine was dropped as a variable from the stepwise linear regression. There was no relationship between crops of red oak or white pine (lnd Clethrionomys populations The seed crop of red maple was significantly associated with the relative increase in Peromyscus between spring and summer (r = 0.545, P = 0.036) but not with the increase in Clethrionomys (r = 0.009, P = 0.82). However, that association was not significant when the same analysis was per- (Vaughan, 1969) ; individuals born after April following years of high oak: production could be sexually mature by August but still relatively small, thus skewing weights of this group downwards. Repeating this analysis using only animals caught in the previous trapping sessions, body mass of males and females following years of high versus low acorn production was not significantly different (males, U = 64.0, n = 28, P = 0.614 ; females, U = 14.5, n = 23, P = 0.057).
Neither sex of Peromyscus differed significantly in body mass in summer following high versus low acorn years (both Ps > 0.50).
Neither sex of the two species differed significantly in body mass in springs following years of high versus low seed crops of white pine (all Ps > 0.50). However, female Peromyscus caught in summers following years of high seed production of white pine weighed significantly more than those caught following years of low production (23.0 ± 3.7 g versus 21.8 ± 3.9 g, d.f. = 251, t = -2.331, P = 0.021). That result may have occurred because 1990 was classified as a good seed year for both red oak and white pine, and female Peromyscus caught in the following summer constituted 20.5% of the total observations in this analysis. When these animals were dropped from the analysis, results were not significant (22.9 g versus 21.8 g, t = -1.320, d.f. = 200, P = 0.188).
Proportionally more juvenile Peromyscus were captured in summers following years of low (29.25%) than high (23.29%) acorn production (X 2 = 4.67, d.f. = 1, P < 0.05).
That was possibly due to increased breeding in springs following years of high acorn production. Individuals born in the current year and identified as adults may have been subadults, or may in fact have reached sexual maturity by the time summer trapping took place in August. There was no difference in proportion of young captured after high versus low acorn years for Clethrionomys (X 2 = 0.10, d.f. = 1, P = 0.75). The proportion of all juveniles caught following years of high versus low seed production of white pine was not significantly different for Peromyscus ( 
DISCUSSION
The strongest relationship emerging from our study is that Peromyscus leucopus populations are significantly associated with temporal and spatial variations in seed fall of red oak. The MNA of Peromyscus in spring and summer was significantly associated with magnitude of acorn crop in the previous year. That relationship was strongest in spring, suggesting that overwinter survival is enhanced by acorn production, but also significant in summer (Fig. 2) , implying that reproduction and perhaps survival also may be enhanced. Similar results have been observed in populations of this species and also P. maniculatus and Tamias striatus in Virginia (Ostfeld et aI., 1996; Wolff, 1996) .
Furthermore, male and female Peromyscus of both sexes captured in spring following years of high acorn production were significantly heavier than those captured during years following low acorn production. This difference was 2.1 g (8.7%) for males, and 5.0 g (19.8%) for females, suggesting that animals of both sexes are in better condition in spring following years with good acorn production, and a higher proportion of females are pregnant, possibly because breeding begins earlier during these years.
Female Clethrionomys were heavier following years with good acorn production, but there was no difference among male Clethrionomys. This suggests that this difference was not due to animal condition but was due to an increased proportion of females being pregnant. In a IO-year study of bank voles (c. glareolus), seed production of Fagus sylvatica was correlated with intense winter reproduction, leading to high numbers of voles (Jensen, 1982) .
The proportion of juvenile Peromyscus was higher in summers following low versus high acorn production, contrary to what we predicted. However, individuals were identified only as juvenile or adult in the field, and increased reproduction occurring in spring following years with good acorn production might increase numbers of adults and subadults in summer and thereby reduce proportion of juveniles in the population.
Murids in the genus Apodemus of the Palearctic and northern Oriental regions and cricetids in the genus Peromyscus of Nearctic regions generally are regarded as eco10gicaJ equivalents (Montgomery, 1989) . Several authors have shown a direct relationship between food supply (principally tree seeds) and peak population size and overwinter survival of A. sylvaticus (Flowerdew, 1985; Gumell, 1981; Watts, 1969 ). An exceptional seed crop may affect numbers in the subsequent summer and autumn (Hansson, 1971) . A positive relationship also has been documented between seed abundance and numbers of Peromyscus leucopus and P. maniculatus (Gilbert and Krebs, 1981; Hansen and Batzli, 1978, 1979; Taitt, 1981) . However, all of those studies provided supplemental food to wild populations rather than examining natural fluctuations in seed fall and small mammals. Other studies suggest that weather and shelter may be other important ultimate limiting resources for P. leucopus (Vessey, 1987) . It is probable that all three factors are significant, but designing a long-term field study to test which of several multiple limiting factors is most important is problematic.
No spatial response was seen at the scale of individual seed traps with respect to presence or absence of either Peromyscus or Clethrionomys relative to presence or absence of seed from any of the three tree species. Besides food, vegetative structure (Belk et aI., 1988; Dueser and Shugart, 1978) , risk of predation (Bowers, 1988) , and level of satiation (Ebersole and Wilson, 1980) influence foraging microhabitat of small mammals, so it is not surprising that we did not observe relationships at this scale. However, following 2 years of high acorn production, capture rates of Peromyscus were correlated with numbers of live oaks > 10 cm DBH at a larger spatial scale (0.25 ha), but there was no association following 2 years of low acorn production. Presumably, that result was due to increased reproduction in areas with high numbers of red oaks during years with good seed production.
A group-selection timber harvest in 1987-1988 may have influenced capture rates of Peromyscus in summer for 2-4 years post-harvest, perhaps because of an increase in herbaceous cover in those areas and an increase in fruit (e.g., Rubus, Vaccinium, and Gaylussacia) production. Another study in this forest during those years showed that fruit production increased in cut areas versus controls and shrubby species benefitted the most (Whitman, 1992) . Whitman (1992) found that fruiting increased over 3 years after harvesting, which corresponded with increased capture rates of Peromyscus. In a I-year study, Buckner and Shure (1985) found that P. leucopus readily entered forest openings of 0.08-10.0 ha and occurred there at higher densities than in control forest.
Clethrionomys also is a known frugivore, but there was no increase in its capture rates on quadrats where timber harvest occurred. This is contrary to the findings of Kirkland (1977) , who found that densities of granivore-omnivores (including P. maniculatus) and grazers (including C. gapperi) increased in clearcuts in West Virginia.
In contrast to Peromyscus, there were few correlations between abundance and distribution of acorns, body mass, or capture frequencies of Clethrionomys. Why do Peromyscus and Clethrionomys respond differently to acorn production? Clethrionomys is sympatric with one or more Peromyscus species over much of its geographic range in eastern North America (Hall, 1981; Peterson, 1966) and has been observed to exhibit synchronous population fluctuations with P. leucopus (Miller and Getz, 1977;  this study) and P. maniculatus (Fuller et aI., 1969) . However, there are conspicuous differences in resource use between Peromyscus and Clethrionomys that may account for observed differences at the Holt Forest. For example, the species differ in their use of arboreal habitat. Peromyscus use trees extensively for foraging and nesting (Homer, 1954; Nicholson, 1941; Wolff and Hurlburt, 1982) ; red-backed voles usually remain on the ground and are rarely captured in trees (Getz and Ginzberg, 1968) . Consequently, Peromyscus may have a competitive advantage by actively foraging for acorns in trees, especially during years of low acorn crops. Both Peromyscus and Clethrionomys are opportunistic foragers (Merritt and Merritt, 1978; Wolff et al., 1985) , but there are differences in their preferred diets. Peromyscus in Virginia have diets composed mostly of arthropods, with berries and seeds being seasonally important (Berry, 1984) . In contrast, the diet of Clethrionomys is dominated by lichens and fungi (Merritt and Merritt, 1978; Ovaska and Herman, 1986; Wolff and Dueser, 1986) , although they will readily consume acorns and seeds of white pine (McCracken, 1996) . P. leucopus in New Hampshire showed behavioral plasticity in vertical habitat selection that was correlated with certain environmental variables (McShea and Francq, 1984) . However, increased use of trees was associated with high gypsy moth larvae (Porthetria dispar) in trees, whereas decreased use of trees was associated with density of acorns.
Variation in the production of white-pine seeds in the previous year explained some of the variation in populations of Peromyscus leucopus in spring but was not correlated with popUlation levels of this species in summer, or with populations of Clethrionomys gapperi in spring or summer. A companion experimental study (McCracken, 1996) investigating removal rates of seeds of red oak and white pine by small mammals showed that seeds of both species were removed extremely rapidly in autumn (>99% in 1-2 days) but that >95% of acorns were carried away and presumably cached, whereas ca. 50% of White-pine seeds are eaten where they are encountered. If white-pine seeds generally are eaten in autumn rather than cached, animals go into winter in better condition following autumns of good white-pine crops, which may allow a higher proportion of them to survive. However, neither sex weighed more in April after high versus low years of seed production of white pine, which suggested that White-pine production affects neither condition nor pregnancy rates of Peromyscus during spring following good seed production of white pine.
Population levels of both species in summer were uncorrelated with seed crops of red maple. However, relative increase from spring (April) to summer (August) in Peromyscus was associated with magnitude of seeds of red maple falling in May and June. Thus, seed crops of red maple may be one of several variables contributing to the dramatic spring-to-summer increase in populations of Peromyscus (maximum 23.5-fold increase), which were not observed in Clethrionomys (maximum 3.7-fold increase). Rates of removal of seeds of red maple in cages excluding all seed predators but mice and voles are much slower than removal rates of seeds of red oak and white pine in cages (ca. 10-35% of red-maple seeds still remain on the ground after 21 days- McCracken, 1996) . Thus, Peromyscus probably prey on seeds of red maple incidentally rather than searching actively for them. A high proportion of these seeds is eaten where they are encountered, and caching behavior is at a low point at this time of the year, as this behavior is principally elicited by cold temperatures and short day photoperiod (Barry, 1976) . No response was seen in Clethrionomys, likely because, at this time, lichens, fungi, and vegetation are readily available. We could find no other studies on seed predation of red maple with which to compare our results.
